Abstract: With widespread deployment of PV power imminent, it is useful for researchers to have a basic knowledge of the economic principles that govern PV modules and systems. Several simplified and illustrative equations are presented.
The Basics of PV Economics
The economics of PV devices are related to their efficiency as well as to their optics. The cost of photovoltaic materials is often expressed on a per-unit-area basis, but the modules are often sold based on cost per watt that potentially generated under peak solar illumination conditions. To convert the cost per square meter to this cost per peak watt, the following equation is employed: ,
where is the solar conversion efficiency. A 12% efficient module with a cost of $400/m 2 yields a cost per peak watt of $3.33. For a PV cell used in concentrator, the cost can be divided by the concentration ratio.
In a simplified economic analysis, it is desirable to estimate the return on the investment made for a particular material used as part of the photovoltaic system. For example, the payback time for the PV module, of cost $/m 2 , is related to its efficiency, the location it is installed and the cost at which electricity is sold on the market (in $/kWh). 
Estimated Solar Module Cost
As an example of the estimated costs of a PV cell, one can consider a hypothetical thin film PV module. One considers the materials and fabrication costs per square meter of PV module produced. We can also assume a single glass monolithic structure (e.g. one piece of glass). The direct costs such as tools and labor are related to the actual production of the module, while the indirect costs such as accountants, rent, and computers are volume insensitive. This calculation assumes a 20 MWp/year factory with 100 employees, and a capital cost of equipment of $20,000,000, housed in a 2,000 m 2 facility. For thin film PV, the module costs are determined primarily by the cost of the transparent conductive oxide (TCO) coated glass, and the production overhead. Both thin film and c-Si PV modules require an encapsulant and moisture barrier. Some designs, such as solar shingles, can do away with the expensive metal frame [4] [5] . This analysis does not include the costs of securing contracts for materials, or the availability of non-abundant crustal elements such as In, Ga, Ge or Te.
To estimate the cost per peak watt, one relates the cost per unit area with the power produced, which depends on the solar conversion efficiency and the peak solar illumination as described in the previous section. For a PV module operating at a solar conversion efficiency of 16%, power could be produced at 2.5 $/Wp if the module cost is 400 $/m 2 . For a 10% efficient module, the $/Wp cost would be the same for 250 $/m 2 . One should point out that the cost of PV modules is often different (e.g. by as much as 1 $/Wp) than their price and that this depends on market factors and the availability of supply.
Economics of Photovoltaic Systems
To produce useful power in a commercial application, one must consider the average illumination, instead of the peak, as well as the additional costs of land, batteries, support structures and the lifetime of the PV panel. There is more to a PV system than just the module. Balance of Systems (BOS) costs such as the mounting, wiring, and power conditioning must also be considered, as well as the operating and maintenance costs. When these factors are taken into consideration, a rough cost per generated kilowatt hour can be estimated. The cost of electricity generated by solar cells can be estimated from equation • 365day y
The per-unit-area cost of solar cells seems to be the largest and most variable cost item in a photovoltaic system. For concentrator PV systems, the area related module cost is reduced, because optics can be much less expensive than semiconductors (e.g. in the above equation, it is split into two $/m 2 costs) [4, 5] . The amortization rate is calculated from the real discount rate of i, and a PV lifetime, N, as
This rate, of course, depends on current interest rates and the availability of capital. For a solar insolation of 4.4 -5 kWh/day/m 2 (1600 -1800 kWh/year/ m 2 ), and an O&M Operating and Maintenance cost of $0.005/kWh, the electricity costs can thus be estimated. The cost of conventional electricity is between 0.06 and 0.13 $/kWh and depends on location and time of day. For a relative comparison, one can use the following numbers that are believed to be reasonable for near term PV technologies: module cost of 250 $/m 2 , mount costs of 50-75 $/m 2 , inverter costs of $170 per peak kW (e.g. power conditioning), and an indirect cost of 30% of direct cost for architect and engineer fees, along with interest during construction.
If Balance of Systems (BOS) costs are considered, the cost of power produced with PV could be 0.08-0.13 $/kWh, assuming a 15% efficient module which lasts at least 15 years under the irradiance levels found in the sunnier regions of the western United States. This gives a reasonable estimate for the LCOE. Note that this cost falls in the range of electricity costs for conventional fossil fuel based systems, and thus the above analysis outlines under what conditions solar cells could represent a viable energy option. The results of this kind of simplified economic analysis also indicates that, although solar cells of 15% efficiency, which last for 15 years, can be competitive with fossil fuels, solar cells of less than 8% efficiency with lifetimes of 15 years will probably not be economical or competitive.
This analysis did not include the total cost of capital (e.g. loans), nor does it include the social and environmental benefits of solar power generation compared to conventional power sources such as fossil fuels or nuclear power. One important economic issue that is often neglected when formulating energy policy is subsidies to energy production. The definition of a subsidy is any government action designed to influence energy market outcomes, whether through financial incentives, regulation, research and development (R&D) or public enterprise. Consideration of subsidies, in general, is becoming increasingly more important. The removal of energy subsidies can actually protect the environment and provide benefits to the consumer in many cases. Subsides can favor certain energy industries and skew the economics so that one energy source looks unfavorable when it actually may not be. Of the billions of dollars spent on energy subsidies, most currently go to fossil fuels and nuclear energy and 5-10% percent go to renewable and non-polluting sources of energy and energy conservation and energy efficiency.
The analysis presented herein, however simplified, outlines the basic factors involved in the costs of both PV cells and PV systems and thus can be used to illustrate the areas for further research and discussion. It updates the presentation previously published [5] .
